First evidence of photon emission from individual impacts of massive gold projectiles on solids for a number of projectile-target combinations is reported. Photon emission from individual impacts of massive Au n +q (1 ≤ n ≤ 400; q = 1-4) projectiles with impact energies in the range of 28-136 keV occurs in less than 10 ns after the projectile impact. Experimental observations show an increase in the photon yield from individual impacts with the projectile size and velocity. Concurrently with the photon emission, electron emission from the impact area has been observed below the kinetic emission threshold and under unlikely conditions for potential electron emission. We interpret the puzzling electron emission and correlated luminescence observation as evidence of the electronic excitation resulting from the high-energy density deposited by massive cluster projectiles during the impact.
Introduction
Photon emission from surfaces exposed to ion bombardment is well documented. [1, 2] In keV atomic ion beam bombardment, light emission can originate from sputtered atoms, back-scattered primary ions, or from the target. [3 -5] Photon emission can still be detected when the bombardment regime is reduced to temporally and spatially discrete impacts of individual keV atomic and polyatomic ions. [6, 7] In this case, where beam effects are absent, photon emission from ionic targets could be assigned to electronic excitation inside the solid. Indeed, under single impact conditions, the processes leading to observable photon emission can occur before ion emission (10 −13 vs 10 −12 , respectively), thus, inspection of the photon emission can provide information on the underlying physical processes that govern the projectile-target interaction. [8] Light flashes from single impacts of micrometer-size particles in the hydrodynamic regime have been observed in interstellar mediums. [9] Experimental studies and MD simulations indicate that massive keV projectiles are implanted in the solid via hydrodynamic penetration. [10, 11] In the present paper, we present the first experimental observation of photon emission in hydrodynamic penetration with nm-size projectiles, and compare the observations with those observed from atomic and small polyatomic projectiles. Concurrently with the luminescence process, the electron and negative secondary ion emission from the projectile impact site is determined.
Experimental
Details on the Au n +q (1 ≤ n ≤ 400; q = 1-4) primary ion production and selection can be found elsewhere. [12] Briefly, a liquid metal ion source (LMIS) generates a broad distribution of gold projectiles, which are further separated using a Wien filter to guarantee the primary ion of interest (Fig. 1) . The single impact regime is achieved by pulsing the primary ion beam at ∼5-10 kHz through a series of primary ion beam collimators.
Photon, electron and secondary ion (SI) emissions are collected per projectile impact. Photon emission is detected using a photoncounting photo multiplier (PMT, R4220P model from Hamamatsu Photonics), with an active window from 185 to 710 nm, a maximum 22% detection efficiency at 410 nm, and positioned behind the target (solid angle of 0.8π sr). Secondary electrons are accelerated and then deviated using a magnetic field towards an offline MCP detector, which are used as starts for the SI ToF. The ToF stop signals of the SIs are collected using a MCP coupled to a multianode detector positioned ∼100 cm from the target surface, and are stored in an eight-channel time-to-digital converter (TDC). The photon signal from individual impacts is time delayed and stored in one of the eight TDC channels. Cesium Iodide, Acid Blue 25 (AB25), Sulforodhamine B (SRB), and Fluorescein isothiocyanate (FITC) samples were obtained from Sigma Aldrich (St. Louis, MO) and used as received. Surface target homogeneity was achieved using either electrospray or vapor deposition techniques; the sample thickness was kept larger than the projectile range. All samples were deposited onto a 70-100 /sq indium tin oxidecoated glass (ITO/glass) substrate from Sigma Aldrich (St. Loius, MO). Relative photon yields dependence on the projectile size and energy are reported; no photon emission was observed upon the bombardment of the bare ITO substrate.
Results and Discussion
Typical time-resolved spectra of photon emission for monoatomic (Au 1 + ), polyatomic (Au 3 + ) and massive (Au 200 +4 and Au 400 +4 ) gold projectiles are presented in Fig. 2 . Significant differences can be observed in the photon emission distribution as the projectile size increases from monoatomic to polyatomic to massive cluster. For example, the CsI/ITO time-resolved photon spectra produced by monoatomic and polyatomic gold projectiles can be characterized by a long tail distribution with a lifetime of τ = 7-8 ns (considering that I(t) = Io × exp(−t/τ )). Similar exponential distributions have been previously observed under the bombardment of CsI targets with individual monoatomic projectiles (e.g. 45 keV H − and I − ions). [6] However, the CsI/ITO time-resolved spectra produced by massive gold projectiles (Au 100 +4 -Au 400 +4 ) presents a distinctly distribution: it can be characterized by a narrow Gaussian distribution (FWHM ∼1 ns) and no exponential decay is observed. Similar trends were observed for organic samples. Pure CsI is used at room temperature as a fast scintillator (decay time <10 ns) in electromagnetic calorimeters at high counting rates [13, 14] and in nuclear physics for 4π charged product detection array. [15] The studies of the light emission of this crystal show that CsI (pure) presents after electronic excitation a photon electron emission with a short decay time of ∼16 ns (10-30 ns) which normally represents at least 70% of the light emission. It is a UV emission, the wavelength is around 310-320 nm and corresponds to interatomic transition. [16] There is another component with a large decay time higher than 1 µs corresponding to a light emission at 500 nm wavelength which corresponds to probably defects in the crystal. In fact, the fast component is split and two time components observed at room temperature around 6-10 ns and 28-36 ns. [13,17 -19] In addition to these two components, a few authors also observed a very fast component with 0.7-2 ns decay time. [14, 16, 19] Keszthelyi-Lándori et al. [16] show clearly that the decay time, the intensity ratio of the two fast components and the presence of the slow component are correlated with the preparation methods. More details on the ratio between the fast emission components can be found in Ref [16] . To our knowledge, we report the first observation of the preeminence of the ultrafast component of the light emission. The use of massive cluster introduces a new process to deposit the energy in the solid and the difference observed with gold atomic ion in this work, and also the results obtained with photons and alpha particles is the consequence of the different ionization density as well as the different path-length. As is indicated by Keszthelyi-Lándori et al., [16] a correlation study between the different fast decay times and the components of the 300 band nm must be performed. Figure 3 shows the time-resolved photon emission produced during the impact of gold monoatomic (Au 1 + ) and massive (Au 400 +4 ) projectiles onto a CsI/ITO target as a function of the impact energy (28-34 qKeV). As the impact energy increases a higher number of photons is emitted, while the photon emission distribution profile remains the same. In the energy interval considered here (28-31-34 qKeV), the photon yields increase from 1 to 1.2 to 1.3 for Au 1 + , and from 1 to 1.3 to 1.7 for Au 400 +4 . Photon and secondary ion emission yields as a function of the 34 qkeV gold projectile size are presented in Fig. 4 for a CsI/ITO target. The secondary ion emission is illustrated in Fig. 4a ) for the case of the (CsI) n I − cluster ions. For small polyatomic projectiles Au 1 -9 + , the secondary ion yield (e.g. number of SIs detected per projectile impact) follows a well documented trend. [20] For massive projectiles Au n>9 +4 , the key parameter for secondary ion emission is the energy deposited per unit volume in the solid. [10 -12] A different trend is observed in the photon emission from CsI/ITO as a function of the gold projectile size (Fig. 4b) ): the number of emitted photons decreases as the projectile size increases from monoatomic to polyatomic projectiles (at the same kinetic energy), while the number of emitted photons increases as the number of constituents increases in the case of the massive gold projectiles. The different behavior observed for the SIs and the photon emission as a function of the projectile size reflects the different modes of interaction between atomic and polyatomic (Au 1 -9 +1 ) and massive cluster (Au 100 -400 +4 ) projectiles. The decrease in the photon emission as a function of the projectile size for Au 1 -9 +1 is related to the decrease in the projectile velocity and excited volume (shorter range and excitation track) as the projectile size increases. For the massive clusters, there is slight increase in the photon emission as a function of the projectile size, n. There is evidence the massive projectile interaction proceeds in penetration mode with a high energy density deposited in a small volume. [10, 11] Thus, at constant impact energy, the higher the mass, the larger the energy density, with a corresponding trend in photon yield. It should be pointed out that these measurements were performed at the same impact kinetic energy; however, a sublinear increase in number of photons may be expected for projectiles with the same velocity as the projectile size increases. [7] This last effect will be even more accentuated in the case of the massive gold projectiles. Similar photon yield dependences as a function of the projectile size at the same impact energy (34 qkeV) were observed for a variety of organic targets ( Fig. 4c)) ; we note again, for massive cluster projectiles, a small variation in the number of emitted photons with the number of projectile constituents.
Coincidence measurements of photon, electron and negative SIs were performed as a function of the projectile size and impact energy (schematic of setup in Fig. 1 ). In the case of massive projectiles (Au 100 -400 +4 ), the concurrent emission of photons, electrons and negative SIs was observed for individual projectile impacts. Preliminary results show that electron emission for massive gold projectiles occurs under unlikely conditions well below the classical kinetic emission threshold, [21, 22] e.g. electron emission was observed for massive projectiles (Au 100 -400 +4 ) with impact energies as low as ∼190 eV/atom. While the number of electrons emitted depends on the nature of the target, electron emission was observed from both inorganic and organic targets. As noted earlier, we interpret the electron emission from massive projectile impacts to be the consequence of electronic excitation via a collective effect, which remains to be elucidated.
Conclusion
The concurrent emission of photons, electron and negative SIs from projectile-solid interactions in the hydrodynamic mode are reported for the first time. The mechanisms coupling the projectile energy into atomic and molecular electronic excitation remain to be elucidated. Photon yield data for a wide range of projectile-target characteristics are a prerequisite for progress in the understanding of the fundamental aspects. From one applied perspective, the relevance of studying photon emission from nanoparticle hydrodynamic penetration may be derived from the trends observed in discrete hypervelocity microparticle impacts: '. . . the maximum light intensity and the total light energy are unique functions of the mass and velocity of the impacting projectile'. [9] In the case considered here, the projectile parameters are known; variations in photon emission will reflect target characteristics. Thus, we expect a trend in photon emission where larger momentum impacts than those used here will boost an already notable photon yield to the level of a useful complimentary signal to ion emission for surface characterization.
